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I. INTRODUCTION 


In the United States* superalloy development began dur- 
ing the 1930 's prompted by the need for heat resistant 
materials required in aircraft engine turbosuperchargers. 
Since then gas turbine engine technology has paced the 
development of new superalloys. In a gas turbine, the first 
stage turbine blades or buckets are cast parts which can see 
longitudinal stresses of appro x imate 1 y 138 MPa and tempera- 
tures ranging from 650 to 980°C . Future demands on perfor- 
mance and efficiency will push these limits even higher each 
year. 

In order to achieve these "super" properties, many 
alloying elements are added to the base element resulting in 
complex mic restructures. The major alloying elements of 
Ni-base superalloys include; chromium <Cr), cobalt (Co), 
aluminum (Al>, titanium (Ti), tantalum (Ta), niobium (Nb), 
tungsten UJ), and molybdenum (Mo). Carbon (C), boron (D), 

and zirconium (Zr) are considered as trace or minor element 
additions. 


Cr, Co, Ta. Nb, and N are imported from foreign coun- 
tries and are considered to be critical or strategic ele- 
ments. In recent years, the political uncertainty in coun- 
tries producing these strategic elements has prompted 
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studies of the roles of strategic elements in superalloys. 
Large amounts of cobalt are used in superalloys* yet the 
role of cobalt is not well understood. Cobalt has been 
found to have various roles in different alloysi however* 
the main role of cobalt apparently is to modify the the 
matrix solubility for alloying elements thereby affecting 
microstructures and mechanical properties. 

To understand the role of cobalt and its interactions 
with boron and zirconium from solidification to long time 
aged effects* cast U-738 was chosen since it is a high Cr 
alloy and is being extensively used in gas turbines for oxi- 
dation and sulphidation resistance. This study on U-738 
will attempt to reveal the effects of Co* B. and Zr on: 

1. Solidification behavior. 

2. Precipitation of new phases. 

3. Overall changes in morphology of existing phases. 

4. Structural stability during exposure. 

5. Mechanical properties. 

Morphologies of V'* primary and secondary carbides* 
boride formation* eutectic V'* and the grain boundaries will 
be evaluated and then correlated to mechanical property 
data. Structural character i zation by scanning electron 
microscopy, energy dispersive X-ray analysis (EDAX)* and X- 
ray diffraction of extracted phases will be carried out. 
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II. LITERATURE REVIEW 


2. i Phases Found in Suaeral lmjc 

Nickel base superalloys consist of a variety of ele- 
ments. There may be as many as ten to twelve major elements 
and an equal number of trace elements. Nickel and cobalt 
are face centered cubic elements which prefer the austenite 
gamma matrix <V> . Solid solutioning elements include iron, 
chromium, molybdenum, tungsten, and vanadium. Elements 
which may partition to form the coherent precipitate t' 
<Ni 3 A1^ include aluminum, titanium, columbium, and tantalum. 
Boron, carbon, zirconium, and hafnium are trace elements 
which form borides and carbides, and segregate to the grain 
boundaries. Generally all these elements combine to form 

five distinct phases, the matrix, gamma prime <V>', car- 
bides, borides, and TCP < tetrag ona 1 1 y close packed) phases. 

Gamma prime is a unique precipitate that is inherently 
ductile and contributes to alloy strength by dislocation 
interaction, and antiphase boundary strengthening. The 
strength of V' increases with temperature* 1 > . Gamma prime 
nucleates homogeneously due to its compatible FCC structure 
and lattice constant (0.17. mismatch). As a result it has 
low surface energy and extraordinary long time stability* 0 . 

Carbides may form in a various number of ways. Upon 
solidification KC type carbides form heterogeneously 
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throughout an alloy and may be found intergranular ly or 
trar.sgranularly Coften interdendr it ical ly> 1 ^ . Chemically 
these primary carbides contain titanium, tantalum. niobium, 
and hafnium. They have a FCC structure and will decompose 
during heat treatment to provide carbon for secondary car- 
bide reactions. The secondary carbide reaction is usually 
the very important Cr rich M^C^ type carbide which forms in 
the range from 760 to 980°C. Molybdenum and tungsten as 
well as nickel can be found in the M_ 0 C. . M^_C. carbides 
generally form in the grain boundaries, significantly 
improving rupture strength** * ^ by preventing grain boundary 
sliding. However rupture failure often initiates either by 
brittle fracture of these same carbides or through decohe- 


sion of the M 2 ? C 6 


V interface. 


M 6 C carbides, typically <Ni , Co> 3 <Mo> 3 or <Ni , Co> a <W> 4 , 
may form if the Mo plus W is greater or equal to 7 wt%. 
Often they will form in the matrix as either discrete parti- 
cles or plates within a temperature range of 815 to 980°C. 


Discrete MC, *^23^6' ar,c * ^6*^ car- bides have been shown to 
have beneficial effects on mechanical properties by disper- 
sion strengthening and controlling grain growth. When they 
form plates, needles, or continuous films in grain boun- 
daries, the mechanical properties can be impaired. 


Borides may form upon solidification or as a result of 
heat treatment . The M^Bg boride is the most common type 
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found. Boride formation may occur when boron is in excess 

of .012 wtJJ in nickel-base alloys. However, borides may 

be found in Ni-base alloys with less than 120 ppm of boron 

due to segregation. Boron generally segregates at the grain 

boundaries, and can be part of the M_,_C. carbide. 

23 6 


Laves, cr, and mu are hard TCP phases which form upon 
heat treatment. TCP phases are platelike in nature and can 
nucleate at grain boundaries and in the matrix. The plate- 
like morphology of these phases provides excellent nuclea- 
tion sites for crack initiation and propagation leading to 
low temperature brittle fai lure . ( 1 * 


2. 2 P hysical Metal lurou of U-738 

A study by Betner et. al, . t ' a ' > described the phases found 
in the alloy IN-738. After the standard heat treatment two 
sizes of 4' were observed, one about 0.1 micron and the 
other about 1.5 to 2.5 microns. The finer X' was more 
rounded and the coarser more angular. Solutioning of the as 
^ ^ alloy 738 began at 980 C> C and was not complete 

until an hours exposure at 1204°C. 500 hours exposure at 
820 C showed a disappearance of the fine secondary V' . 

MC carbides were found dispersed interdendritical ly and 

in the grain boundaries and had a lattice parameter of 
o 

4.36A. After 2000 hours at 820°C much of the MC carbides 
were still present along with a nearby rod- like phase. 
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^23*^6 car ^’^ es were found primarily intergranularly and 
formed as a function of temperature at the expense of the MC 
phase. The solution temperature of M-^C, uias found to be 
103?°C. Many calculations mere made to estimate <7 forma- 
tion tendency and it was concluded that alloy 738 is stable; 
however. a slight variation in composition could strongly 
promote o phase. 


£. 2 Effects of Cobalt 

The role of cobalt in superalloys has been an area of 
great interest in recent years. Several papers have 

revealed the effect of cobalt on V' , carbide formation, 
alloy stability. and mechanical properties in nickel-base 
superal loys . ^ Cobalt has a varying role depending on 

the overall composition of the alloy. 

In a study by Engel, it was observed that removal of 

cobalt in Udimet 700 resulted in an increased amount of 

unso 1 ut i oned primary ¥' and a decrease in amount of fine 
C3> 

secondary "if" . Jarret and Tien also noted a decrease in 

fine due to less solutioning. A study of the alloy 

Mar-M247 by Nathal et, al.. revealed that upon removal of 
cobalt, the V' solvus temperature was raised by SO 0 ^*' 4 * 
However, Mauer et, al.. found, that in Waspaloy, the V" solvus 
was unaffected by the removal of cobalt . 
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Cobalt has also been found to effect the weight percent 
of if" in Ni-base alloys. Heslop claimed that cobalt 
increased the amount of found in Nimonic superalloys. He 
stated that the mechanism was a decreased matrix solubility 
for A1 and Ti thereby increasing the V' prec ipitat ion . <7 > 
Studies by Kauer g£ al. and Nathal et aj, reported a 
decrease in the wtZ of tf' in when cobalt was reduced . <9 ' 4> 
This agrees with the results found by Heslop. Engel noted 
that the weight fraction of V>" in U-700 was unaffected by 

/OS 

removal of cobalt . Hat ha 1 et_ aL. also observed a reduc- 
tion in area fraction of eutectic if' islands and an increase 
in secondary V" size upon removal of cobalt . <4:> Jarret and 
Tien claimed that the tf' coarsened more readily in their 
cobalt free alloy due to no M C pinning of the primary 


Cobalt also significantly influences the formation of 
carbides. In his fundamental study, Heslop concluded that 
cobalt increased the solubility of the matrix for carbon, 
thus inhibiting the formation of grain boundary 

M 23 C 6 carbid * s<7> Kauer at a 1 . found that removal of cobalt 
in Waspaloy resulted in increased precipitation of both MC 
and M a3 C fe carbidcs. <9> Engel noted that cobalt removal pro- 
moted M 23 C 6 formation; however, precipitation increased 
as cobalt was added. <3> Upon long time aging <LTA> , Nathal 
St al- reported that additional carbides and continu- 
ous carbide films formed in the grain boundaries upon 


remo- 
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C4> 

val of cobalt. Jarret and Tien noted a slightly different 
carbide alteration when cobalt was removed from Udimet 700. 
They found that removal of cobalt, especially down to 0 wt*/., 
produced and MC carbides upon solidification. These 

^23^6 c ' ar bide«: more likely formed upon slow cooling after 

solidification thereby appearing in the "as cast" micros- 
tructure. They also found that upon aging, the 0 uitV. cobalt 
alloy displayed little additional grain boundary precipita- 
tion of M 23 C 6 and attributed it to the relatively stable "as 
cast" With regard to a phase stability, Lund et_ 

sil.- performed a detailed study on the role of cobalt in a 
formation. They noted that cobalt in small amounts inhi- 
bited cr phase formation and at around 5 wt%, cobalt 
increased the V' precipitation, displacing Cr from the 
matrix thereby making it available for formation of cr. 
Engel, Jarret, and Tien reported that cobalt in excess of 
approximately 8 wv% promoted a phase . ' 60 

Cobalt also has an impact on mechanical properties of 
nickel-base superalloys. While this may in part be due to 


its solid solution effects. 

primarily 

it 

is due to 

its 

influence on 

microstructure. 

Tensile 

properties 

are 

apparently least 

affected. 

Nathal 

e t 

ai- 

, Jarret 

and 


Tien, and Mauer et, a_l.. all reported little change in ten- 
sile strength and ductility when cobalt was removed from 
their respective alloys. 
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Creep/stress rupture properties » s „ most influenced. 
Nattal et ai.. and Hauer *t aj.. Pound that cohalt increased 
the stress rupture HPe oP Har-H247 and Waspaloy respec- 
tively by three f.,d.<=-’> They also stated that removal of 
cohalt increased the creep rate up to six P„ld. yet the duc- 
tilitg in these tests here uninfluenced. Jarret and Tien 
investigated alloys ivith various heat treatments. < 6) They 
found that in U-700. stress rupture life mas sign! Pi cant ly 
lowered when alloys with less than 9.0 wtV. Co were given a 
disk heat treatment <partial ir' solut ionin 9 > . However, in 
alloys Which were given a blading heat treatment 

<fwlly solutioned »'), the stress rupture life was virtually 
unaffected. 


- - of Boron and Zirconi 


urn 


Boron and zirconium are added to nickel-base superal- 
legs in small amounts and are therefore referred to as trace 
elements. I„ the late 1950-s it was realized that trace 
amounts of these element, markedly improved hot working 

behavior and creep rupture properties of these alloys / 125 

How B and Zr improve mechanical properties is not clearly 
understood yet they are considered "essential" elements / 15 

A study by Antony and Radavich ezt.nsively studied the 
mi cr ©structural results of Zr and B addition, and their 
effect on stress rupture properties / 115 They found that Zr 
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additions of .15 wt% increased the solidification range of 
their alloy by 16°C resulting in more microporosity which 
reduced 760°C stress rupture life drastically. However , the 
928°C stress rupture life improved and was attributed to 
zirconiums effect on MC morphology. Zr was found to alter 
the existing script Ta*Ti MC carbides to a Ta rich discrete 
MC phase. In addition! Zr suppressed the formation of a 
grain boundary film. This film formed at high B levels and 
lower Zr levels. 

Zr was found to promote larger and more numerous eutec- 
tic V' island^ around which a Zr rich "stick" phase could 
be seen. At the highest levels of Zr> the stick phase also 
appeared in the grain boundaries. Boron« contrary to the 
binary Ni-B phase diagram! actually decreased the solidifi- 
cation range. Less microporosity formed and a large 
increase in stress rupture life at both 760 and 928°C 
occurred. 

Boron was also found to effect grain boundary precipi- 
tation. With no B! fine MC precipitates formed in the grain 
boundaries whereas at high B leve'ls the grain boundary con- 
tained primarily the M^ Bg phase. Borides also formed in a 
script like fashion near the eutectic >S' islands when added 
at . 012 wt/i. Howeveri they changed to massive type precipi- 
tates at .025 wt7.. Antony and Radavich also concluded that 
the boride phase precipitated directly from the liquid phase 
during the latter stages of solidification. 
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Decker and Freeman studied the possible mechanisms that 
result in the beneficial effects of B and Zr. <13> They found 
that low B and low Zr content (approximately 0 wt*/.> resulted 
in rapid agglomcrat ion of and y iTl the grai „ boun- 
daries, follow id by depletion of V' and intergranular crack- 
ing transverse to the applied stress. Mi crocrac k ing ini- 
tiated between M 23 C 6 particles and the depleted zones. 
Additions of Zr, B# and Zr plus B in that order retarded 
this process thereby increasing rupture life. Their conclu- 
sion was that Zr and B stabilized the grain boundary by 
inhibiting excessive M 23 C 6 formation. They also concluded 
that B promoted the formation of carbides within the matrix. 


A summary of most of the work which has been performed 
with regard to B and Zr in superalloys was written by Holt 
and Wallace. * They state several examples of houi these 
elements have been shown to increase rupture life 13 times, 
elongation 7 times, high temperature strength. ductility, 
and notch sensitivity. Holt and Wallace presented many 
suggestions that B and Zr are involved in interaction with 
interstitials and impurity elements. For example, Zr is 
known to interact with sulphur and carbon as a scavenger 
forming sulphocarb ides. This lowers the amounts of these 
elements remaining in solid solution at the grain boun- 
daries. Although there is no evidence that boron combines 
with sulphur, it has been suggested that boron alters sul- 
phide morphology from plate like to spheroidal and that its 
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solidus depressing effect may aid in the gettering of sul- 
phur and other detrimental impurities. It has also been 
suggested that boron reduces secondary grain boundary pre- 
cipitation by shunting carbon to the matrix. 

It is generally agreed that B and Zr segregate to the 
grain boundaries due to their odd atomic size and low solu- 
bilities in V and 'o'". Boron is much smaller in atomic size 
than Ni and tends to locate interstitially while Zr is large 
in atomic size compared to Ni. In the grain boundaries they 
are believed to fill vacancies, reducing the formation of ¥' 
denuded zones. In addition it has been suggested that they 
both be present during solidification to prevent oxygen and 
sulphur from forming continuous films in the grain boun- 
daries. 


A study by Hu and Li revealed that B initially segre- 
gated to the grain boundary* the carbide-matrix interface* 

( 14 ) 

and in the borocarbide After aging they 

discovered that the boron then segregated to the MC carbide 
periphery resulting in l"SC degeneration into more <C,B>^. 


Studies by Woodford and Bricknell have considered 
environmental damage to nickel-base superalloys and houi it 
is regulated. In a study by Woodford* oxygen was determined 
as the detrimental species. Oxygen segregation can lead 
to grain boundary immobilization and unstable intergranular 
fracture. He found that B additions reduced this suscepti- 
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bilitg. In a later paper Woodford and Bricknell showed that 
3 was effective in preventing preferential grain boundary 
precipitation of complex oxides during air exposure. 

Floreen and Davidson concluded that B and Zr improved 
the creep properties in a nickel-base superal loy . <17> 
Although their primary effect appeared to be minimization of 
the harmful effects of oxygen, they also state that no sin- 
gle mechanism can explain all observed effects and their 
efficacy may vary with alloy composition and test condi- 
tions. They also noted no changes in microstructure. frac- 
ture appearance, or grain boundary sliding behavior due to B 
and Zr additions. 


Zr at a level of 1 wt7. in a Ni-Cr-Zr alloy, was found 
to be beneficial in preventing environmental attack.^ 18 ** The 
mechanism was described as a rapid and more extensive 
nucleation of CrgOg along the alloy surface. ft similar 
result occurred in a H 2 ,H 0 S atmosphere. 


In a study on Zr effects in alloy 713C, Radavich found 

zirconiums influence primarily to be changes in V' and MC 
<19) 

carbides. Alloy 713C with low Zr shpwed yto eutectic 

islands and ragged primary V' . Increasing 2r resulted in 
more regular primary V' and large quantities of eutectic 
islands. Alloy 713C with low Zr also displayed Chinese 
script MC carbides in the grain boundaries. Increasing the 
Zr in 713C created a more blocky, discrete, and higher 
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psram©t ©r MC . It was 3 1 so not 3d that o mas ^ound n©ar 
eutectic islands and grain boundaries* although Zr showed 
little influence on its formation. Overall the grain boun- 
dary precipitates displayed a decrease in quantity with 
increased Zr levels. 
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III. EXPERIMENTAL PROCEDURE 
3 . i Materials 

Twelve experimental heats of Udimet 738 were prepared 
by the Special Metals Corporation (SMC), a division of 
Allegheny Ludlum Industries in New Hartford, New York. The 
heats varied compositional ly by systematically replacing 
cobalt, boron, and zirconium with nickel. The alloy clas- 
sirication and corresponding weight percent (wtJO of the 
variable elements are given in Table I. The remaining ele- 
ments of each alloy were held constant. The industrial 
standard composition for Udimet 738 is alloy 1A. 

Each heat was investment cast in “cast to size" test 
bars with a test region diameter of .635 centimeters. These 
test bars provided samples for microstructural analysis as 
well as mechanical testing. 


3. 2 H eat Treatment of Cast U- 738 

Cast bars of U-738 were given the commercial standard 
heat treatment of 1121°C for 2 hours in vacuum, back cool 
with an inert gas (Ar or N) to room temperature. 
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TABLF I . 

Alloy Compos 

itional Variat 

ion Out 50 

Alloy No 

Cobalt 

Boron 

Zirconium 

1A 

8. 5 

. 01 

. 04 

IS 

8. 5 

. 03 

. 04 

2A 

8. 5 

. 01 

. 10 

23 

8. 5 

. 03 

. 10 

3A 

8. 5 

. 01 

. 20 

33 

8. 5 

. 03 

. 20 

4A 

0. 0 

• 01 

. 04 

43 

0. 0 

. 03 

. 04 

5A 

0. 0 

. 01 

. 10 

53 

0. 0 

. 03 

. 10 

6A 

0. 0 

. 01 

. 20 

6D 

0. 0 

. 03 

. 20 


Regaining composition of all alloys (wt7.) 

A1 Ti Ta Mb W Mo Cr C Ni 

3.4 3.4 1.7 0.9 2.6 1.7 16.0 0.1 Bal. 


The sample's U’ere aged at 843°C for 24 hours and air cooled 
to room temperature. 


3. 3 Structura 1 Stab i 1 itu 

Alloy stability was evaluated by exposing the as cast 
and the solution treated samples at 843°C up to 500 hours. 
The effects of the variations in cobalt* boron* and zir- 
conium on the tendency for sigma formation would manifest 
themselves at this temperature. 
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3. 4 Mechanical Testing 

Specific mechanical properties of all twelve alloys 
were obtained to evaluate any effects that the compositional 
modifications may induce. The two tests chosen were uniax- 
ial room temperature tensile; and uniaxial elevated tempera- 
ture stress rupture. Commercial specifications are given in 
Table II. The samples tested were each heat treated to the 
industry standard. 

All testing was performed at the Gas Turbine Division 
of General Motors Corporation; Indianapolis Indiana. Stan- 
dard testing procedures were fallowed and the data sheets 
appear in Appendix 3. Tested samples provided fracture sur- 
faces for fractographic examination. 


3, 5 S amp le Preparat i on And Examinati on 

All samples were prepared by wet polishing through 600 
grit silicon carbide. This was followed by an electropolish 
in 20/C sulphuric acid in methanol and an immersion etch in 
15/C hydrochloric acid in methanol plus a few drops of hydro- 
gen peroxide. 

Optical and scanning electron microscope (SEM) observa- 
tion of these prepared samples provided microstructural 
character i zat ion data. During SEM observation; energy 
dispersive analysis of X-rays (EDAX) provided qualitative 
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chemical analysis of phases in. situ . These phases were then 
extracted for X-ray diffraction identification. Details of 
these techniques are located in Appendix A. 
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IV. RESULTS 


The results of this study are grouped into three cate- 
gories; scanning electron microscopy/ mechanical properties/ 
and phase extraction identification. The first category 
discusses the microstructural character istics as a function 
of compositional variations and heat treatment relative to 
the standard alloy 1A. Mechanical property data is 
presented and related to compositional changes# microstruc- 
tural differences and f ractogragh ic observations. Finally# 
identification of extracted residues is presented. 


4 • JL Scanning Electron Mi cr osc op u 
4. 1. 1 Standard Alloy Composition — 1A 

The standard composition of U-738 contains 8. 5 wt*/. Co, 
.01 wt% B and Figure 1 shouts representative microstructure 
in the as cast# as cast plus solutioned# and "aged" condi- 
tions of the commercial standard composition of U-738. In 
the initial as cast condition# large script titanium rich MC 
carbides can be found throughout the sample. They occupy 
grain boundary and interdendr itic locations. Tu»o sizes of 
cooling or a* cast " 6 ' were found which indicate areas of 
compositional variation. The as cast V' generally appears 
starlike and coarse. Moderate sized kidney shaped islands 
of eutectic V' were found along grain boundaries and 




Figure 1. SEM Micrographs of Alloy 1A. (a) as cast 3000X (b) solution treated 2000X 

(c) aged 24Hrs. 2O00X 
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trans granular ly . 

Eutectic areas are the last liquid to freeze and there- 
fore contain many odd sized elements resulting in areas of 
segregation. This provides excellent sites for nucleation 
of carbides, borides, zirconium rich phases, and deleterious 
TCP phases. The only precipitates in the as cast eutectic 

islands and grain boundaries of alloy 1A uere script MC car- 
bides. 

In the as cast plus solution treated condition, the 
most visible change in microstructure was the formation of a 
duplex 9 ' structure. Because the solutioning temperature of 
1 121 °C is in the middle of the V' solutioning range, only a 
partial solutioning of tf' takes place. The result is a 
duplex structure of ultra fine secondary V' and coarse as 
cast If'. The solutioned treated as cast If' shows a more 
uniform cuboidal appearance than that in the as cast condi- 
tion while the eutectic '<f' islands exhibit partial homogeni- 
zation. The MC carbides remained unchanged. 

In the solution treated plus aged thermal condition, 
the precipitation of a Cr rich phase, most likely M_ C, car- 

aw O 

bides, can be seen along all grain boundaries while a 
heavier precipitation was noted in the eutectic areas. Very 
miner breakdown of the primary MC carbides occurred. 
Overall the as cast If' appeared more uniform and cuboidal. 
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4.1.2 Removal of Cobalt - Alloy 4A 

Removal of all cobalt while maintaining levels of .01 
wtV* B and . 04 wt% Zr produced various microstructural 
alterations to alloy 1A. Figure 2 illustrates the three 
thermal conditions of the cobalt free alloy. 

The as cast KC carbides and grain boundaries were very 
similar to those of alloy 1A. An occasional low melting 
phase and boride which were not detected in alloy 1A» were 
Found near eutectic areas. 

The as cast plus solution treated condition of alloy 4A 
showed no duplex "if' structure as was seen in alloy IP. The 
eutectic islands also exhibited less homogenization. Occa- 
sional grain boundary precipitates could be seen in addition 
to the MC carbides. Because of the Co free nature of this 

alloy., it is highly probable that these are M__C, carbides 

23 o 

formed upon cooling due to change in carbon solubility. 

In the aged condition, much heavier, almost continuous 
grain boundary precipitates, most likely M^C^, can be seen. 
This apparent M 23 C fe precipitation appears heaviest in the 
eutectic areas. It is possible that some of these precipi- 
tates are borides. Breakdown of MC carbides was also more 
prevalent than in alloy 1A. 




( a ) 


1 0 . Opun . 


( b ) 


1 0 . OjJLlTl . 


< c ) h 


1 0 Ojjim 


Figure 2. SEM Micrographs of Alloy 4A. 
(c) aged 24Hrs. 27C0X 


(a) as cast 3000X (b) solution treated 1200X 
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4.1.3 Addition of Boron - Alloy IB 

Increasing the level of boron in alloy 1A resulted in 
an alloy with The as cast condition showed precipitation of 
a Cr.Mo.W rich phase in the eutectic areas. (see Figure 3). 
This phase appeared blocky and discrete but also appeared 
script like on occasion and is probably a boride. The 
eutectic areas were much larger and more numerous than in 
the base alloy 1A. Some blocky MC carbides were found near 
the boride precipitates. 

After solution treatment/ more precipitation of the 
boride phase occurred in the eutectic areas. A duplex V' 
structure resulted upon solution treatment/ similar to alloy 
1A. Homogenization of the eutectic islands did not occur as 
completely as in alloy 1A. 

After aging/ a discrete precipitation of grain boundary 
phase occurred and minor MC breakdown was detected. 
The as cast V' showed an increased uniformity in shape and 
distribution with thermal aging as seen in alloy 1A. 


4. 1.4 Removal of Cobalt and Addition of Boron - Alloy 4B 

Alloy 4B (0 wt% Coz .03 wt*/. B/ .04 wt*/. Zr) in the as 
cast condition showed a Cr rich boride phase which was not- 
ably larger/ more massive/ and blocky than in alloy IB (Fig- 
ure 4). MC carbides occasionally appeared more blocky than 


1 . Oj-llTl . 


Figure 3 
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(b ) ► 
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(c ) 


1 0 . 0|JjTl . 


SEJ*! Micrographs of Alloy IB. (a) as cast 5000X (b) solution treated 3000X 

(c) aged 24Hrs. 2?00X 




Figure 4. SEM Micrographs of Alloy 4B. (a) as cast 2000X (b) solution treated 3000X 

(c) aged 24Hrs. 3000X 


< 
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script type; however, the majority of MC carbides remained 
script type and were located in grain boundaries or inter- 
dendritical ly as in IB. The grain boundaries and eutectic 
V islands appeared similar to those in alloy IB. 

Upon solution treatment no duplex V' structure 
developed. The eutectic V' islands showed some homogeniza- 
tion and the as cast V' became more uniform and cuboidal . 
These results are similar to those found in alloy IB. Addi- 
tional precipitation in the eutectic island periphery sug- 
gests more boride formation. Due to decreased carbon solu- 
bility resulting from the removal of Co, some of these pre- 
cipitates may be carbides. 


After aging, the addition of B seemed to promote fewer 
discrete M 23 C 6 precipitates in the grain boundaries. Minor 
MC carbide breakdown was noted and traces of an ultrafine 
background V' were observed amidst the as cast V'. The 
eutectic V' islands remained unchanged from the solution 
treated condition. 


4.1.5 Addition of Zirconium - Alloy 3A 

Zirconium was varied to three levels; . 04 wtJi, . 10 wt7., 
and .20 wt%. Because the alloys with .10 wt/S level of zir- 
conium showed no substantial microstructural difference 
relative to the .20 wt7. level, the .20 wt7. zirconium alloy 
(3A) was used for evaluation (Figure 5). 


This alloy 


(a) 


( c ) 


Figure 5 


1 . 0|A(T| . 

SEM Micrographs of Alloy 3A. 
<c> aged 24Hrs. 3000X 


(b) 

(a) as cast 5000X 


(b) solution treated 3000X 
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contained 3.5 wt*/. Co and .01 wt*/. B. 

The as cast structures of alloy 3A showed two main 
structural differences relative to the standard alloy 1A. 
First , the eulectic V' islands were larger and more 
numerous. Second, a zirconium rich stick phase precipitated 
near the eutectic V' islands. The script MC carbides and 
grain boundary precipitation appear unaffected by the higher 
addition of Zr . Overall the as cast t' appeared slightly 
more uniform in this higher Zr level alloy as compared to 
alloy 1A which had the lowest level of Zr. 

The solutioning heat treatment produced several struc- 
tural effects. The eutectic V' areas showed occasional 
boride type precipitates even though the level of boron was 
only .01 wtX. These eutectic V' areas did not homogenize as 
completely as the low Zr alloy 1A. Occasionally a low melt- 
ing phase was observed in these same locations. The Zr rich 
stick phase remained unaltered in location, size, and shape. 
The as cast <$' in alloy 3A exhibited solutioning but to a 
lesser degree compared to alloy 1A. 

The aging treatment produced discrete grain boundary 
precipitation of M 23 C 6 carbides. Some Zr sticks were also 
found in the grain boundary and the MC breakdown was very 
minor. The regaining structures apeared similar to those in 
the solutioned, condition. 
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4. 1.6 Removal of Cobalt and Addition of Zr - Alloy 6A 

Alloy 6A contains 0 wt'/. Co. .20 wt*/. Zr, and .01 wt7. B. 
This cobalt free alloy showed minor variations in as cast 
phases compared to alloy 3A (Figure 6). Occasional boride 
type precipitates on the eutectic island periphery and more 
numerous ultra fine Y' precipitating between the coarse as 
cast Y y appear in the as cast structure of alloy 6A. These 
structures do not appear in alloy 3A. 

The solutioning heat treatment did not produce as dis- 
tinct a duplex V' structure as seen in other cobalt free 
alloys. The eutectic Y x area*: displayed less homogenization 
than in alloy 3A. 

The aging heat treatment resulted in slightly heavier 
M 23 C 6 Precipitation in the grain boundaries than in alloy 
3A. Alloy 6A, having the highest level of Zr, appeared to 
have less continuous precipitation of M__C. in the grain 
boundaries than alloys of lower Zr levels and 0 wt% Co. 
Fairly heavy breakdown of MC carbides was also noted in 
alloy 6A. The ultrafine Y' and partially homogenized eutec- 
tic Y' remained unchanged relative to these same structures 
in the solutioned condition. 


4. 1.7 Additions of Boron and Zirconium - Alloy 3B 


The microstructures of alloy 3B are shown in Figure 7. 



( a ) ^ 


(b ) 


10 . 0|Am7 

Figure 6. SEM Micrographs of Alloy 6A. (a) as cast 3000X 

(c> aged 24Hrs. 3000X 


(c } ' lO.Ovu-n! 

(b) solution treated 5000X 
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Figure 7. SEK Micrographs of Alloy 3B. (a) as cast 5000X (b) solution treated 2000X 

(c) aged 24Hrs. 1800X 
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Alloy (3B> contains .03 wt’/. B» .20 wt’/. Zr# and 8.5 wt'/. Co. 
Compared to alloy 1A# the as cast MC carbides and the grain 
boundaries appear unaltered by the high B and Zr content 
found in alloy 3B. However# more frequent borides and 
larger, more numerous eutectic V" were found in alloy 3B 
than in the alloys with a low level of Zr (IB). Occasion- 
ally a Zr rich stick and a boride were observed together as 
in Figure 7. The borides uere more blocky# fairly discrete# 
and found in the eutectic 4 ' areas. 

After the solutioning heat treatment# the borides 
appeared to coarsen resulting in some massive boride parti- 
cles. The MC phase appeared to be stable and the grain 
boundaries showed no signs of precipitation. The eutectic 
areas showed less signs of homogenization than those in 
alloys with less Zr and less B. A less distinctive duplex 
4 ' structure was observed in alloy 3B.; therefore, the solu- 
tioning of the as cast V" was not as extensive as in alloys 
with less Zr. 

After the aging heat treatment, discrete M__C, carbides 

2J O 

were observed in the grain boundaries along with minor MC 
breakdown. This observation was made in all alloys which 
contained Co. Fine secondary ’ 4 ' , Zr rich sticks, and boride 
phases remained unchanged from the solution treated condi- 
tion. Coarse as cast V' appeared more cuboidal and the 
eutectic " 4 ' islands showed no additional homogenization. 
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4.1.8 Alloy 6B - O.O*/. Co Plus Additions of B and Zr 

As cast alloy 63 with 0 wt’/. Co, .03 wt’/. B, and .20 wt*/. 
Zr is shown in Figure 8. Borides, MC carbides, grain boun- 
daries, and eutectic V' areas were similar to those observed 
in the cobalt containing alloy 3B. The only difference 
appeared to be a few additional Zr rich sticks. 

Htter the solutioning treatment, no duplex V' struc- 
tures mere noted, and an ultrafine background V' appeared 
slightly more numerous than in alloys with lower boron and 
zirconium levels. The eutectic areas remained large and 
appeared unaffected by the heat treatment. Other structures 
were essentially unchanged from those in the as cast condi- 
tion. 


Aging produced two noticeable structural changes. 
First, a fairly discrete and infrequent precipitation of 
M 23 C 6 1Ti thc 9 raiT> boundaries and second a plate phase pre- 
cipitate in the matrix were found. The plate phase was high 
in Cr and may be the TCP pha^e sigma . These plates 
occurred infrequently and also appeared in the cobalt free 
alloys 5A and 5B. 
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4.1.9 Alloy Stability 

Structural stability of all twelve alloys was deter- 
mined by aging at S43°C. At this temperature, a formation 
and/or heavy K 23 C 6 precipitation occurs if the alloys are 
compositi ona 1 1 y uns tab le. Both as cast alloys and so 1 ut i on 
treated alloys were aged for 100/ 300/ and 500 hours. 

Overall/ less plate formation was found in the as cast 
alloys even though normally as cast alloys show more segre- 
gation. Trends of instability were otherwise similar in 
both as cast and solution treated alloys. They were as fol- 
lows : 

1. High levels of boron (.03 wt%) apparently pro- 
moted plate phase formation in as little as 
100 hours of aging. 

2. Removal of pobalt accelerated plate phase form- 
ation. These plates were observed in some Co 
free alloys after 24 hours of aging and in all Co 
free alloys after 100 hours of aging. 

3. Removal of cobalt destabilized the MC type car- 

bides resulting in massive breakdown of MC into 
^23*”’ 6 carbides. Massive breakdown was ob- 

served in Co free samples as early as after 100 
hours of aging. 

4. Removal of cobalt increased grain boundary pre- 
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ci pi tat ion of type carbides resulting in 

continuous ■films. Continuous films were ob- 
served in one Co free alloy after 24 hours of 

aging and in all Co free alloys after 100 hours 
of aging. 

5. Cobalt containing alloys displayed more discrete 
and limited M 23 C - £ ion in grain boundaries 

and in KC carbide breakdown. This observation 
was noted in all Co containing alloys at all 
stages of aging. 

In the as cast Co free alloys* massive precipitation of 

discrete interdendr it ic M 23 C 6 carbides was found, indicating 

more segregation within the grains. This segregation was 

not observed after the solutioning heat treatment. Figure 9 

displays characteristic morphologies of plate formation. 

grain boundary r-1 23 C 6 , MC breakdown, and interdendr it ic M C 

23 6 

f ormat i on. 


4. §L Mechanical Testing 


Room temperature tensile and stress rupture tests were 
carried out on all twelve alloys having the standard commer- 
cial heat treatment. A summary of the test results as a 
function of each elemental variation is given in Table III. 



F igure 9 
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SEt*! Micrographs of LTA Samples. (a) Alloy IB s 1 tn. treated + aged 500Hrs. 1500X 

(b) Alloy 4A A. C. + aged 300Hrs. 1500X ( c ) Alloy 4A A. C. + aged 500Hrs. 2000X 
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TABLE III. Mechanical Property Test Results 


Ambient 

T ens i 1 e 




Stress 

Rupture 

All oy 

S <MPa> 

S <MPa> 
y 

'/.E 1 ong . 

J!R. of A 

Life 

ZElong . 

| 1A 

1065 

800 

8.4 

10.2 

59 

13.1 

IB 

106? 

744 

5.7 

10.2 

63 

14.3 

2A 

1094 

??3 

9. 1 

10. 1 

60 

20.0 

2B 

1 009 

771 

6 . 1 

9.3 

50 

21 .7 

3A 

996 

761 

6.1 

10.2 

59 

16.7 

3B 

1005 

770 

6.0 

8.7 

43 

17.0 

4A 

92? 

765 

2.1 

2.5 

57 

19.1 

4B 

1 025 

752 

6. 1 

7.9 

42 

8.5 

5A 

990 

765 

5.9 

9.3 

39 

8.0 

5B 

9/4 

756 

5.6 

4.8 

49 

10.0 

6A 

1005 

756 

5.0 

7.9 

40 

16.0 

6B 

965 

762 

5.0 

7.2 

31 

11 .0 


Figure 10 shous the uniaxial tensile properties u'i th 
respect to cohalt. Generally, alloys with cobalt had a 
+5 . 3*J average i improvement in ultimate strength over alloys 


trithout cobalt . 












Zircon 
strength are depicted 
to be a decrease in st 
tent. However* as 


trend. 
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Figure 13. 


Stress Rupture Life vs. 


WtX Cobalt 


Boron additions seemed to decrease rupture life. how- 

two of the six alloys had significantly improved lives 
Figure 14). 
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UTV. BORON 

V -O. 3Co» , 04Zr D-0. OCo# . 04Zr 
X -0. 9Co» . lOZr O“0. OCo. . tOZr 
♦ -0. ?Co. . 20Zr a -0. OCo. . 20Zr 

Figure 14. Stress Rupture Life vs. Wt - /. 3oron 


Zirconium additions also displayed an overall decrease 
in rupture life (Figure 15). Alloys with the .20 wt/i level 
Qt zirconium consistently showed shorter rupture life as 
compared to the alloys with the .04 wt’/. level of zirconium. 
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WT* ZIRCOMIUM 

°"n nJ O, 0,B 0-8 9C0..03B 

A -0. OCo. . 01B y-0. OCo. . 031 


Figure 15. Stress Rupture Life vs Wt7. Zirconium 


The percent of elongation was used to compare ductil- 
ity. Both tensile ductility and stress rupture ductility 
were plotted together relative to compositional variation. 

Figure 16 depicts the effect of cobalt on ductility. 
Tensile ductility improved with cobalt additions at low 
boron levels and was constant at high boron levels. Rupture 
ductility showed mixed results, but there was a trend of 
improved ductility with the addition of cobalt, especially 
at high boron levels. 
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Figure 16 . Percent Elongation vs. W t’/. Cobalt 


The effect of boron on ductility is shown in Figure 17. 
At room temperature the results again were mixed. Generally 
reduction in ductility occured with increased boron and Zr 
levels. At elevated temperatur es< ductility was virtually 
constant when boron was increased and cobalt was present. 
Removal of cobalt and increased amounts of boron showed a 
general reduction in ductility. 



PERCENT ELONGATION 
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Figure 17. Percent Elongation vs 


Wt/i Boron 


When zirconium was the variablei tensile ductility 
showed no trend. Rupture ductility showed general improve- 
ment although again the results were not consistent (Figure 


18 ). 
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Figure 18 Percent Elongation vs. Wt7. Zirconi 


um 


4. 3 Frac toqraphu 

Frac tograp h i c analysis failed to reveal any causes of 
failure that could explain the inconsistencies in mechanical 
properties. Although all samples showed varying degrees of 
porosity# it was concluded that porosity was not a major 
factor in failure. Large quantities of brittle MC carbide 
fracture were observed in many samples. All fractures were 
transgranular. 
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i Phase Extraction Identification 

The structures present in Udimet 738 were identified by 
X-ray powder diffraction analysis of extracted phases. 
Table IV shows the phases present in the coarse and fine 
residues extracted from the standard heat treated alloys. 

The boride phase appeared only in the coarse residue of 
those alloys alloys with a high level of boron. The boride 
phase was found in the fine residues of all high level boron 
alloys as well as in the residues of low boron level alloys 
that did not contain cobalt. The M 23 C- 6 phase appeared to be 
greater in amount in Co free alloys. The amount of MC phase 
appeared fairly consistent and no shifts in lattice parame- 
ter were noted regardless of alloy composition. 


TABLE IV. X— ray Peak Identification 


Coarse Residue 

Fine Residue 

o 

MC 4. 36 A 

o 

MC 4. 36 A 

Cr VW 

o 

M C. 10.70 A 

-=.o o 
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V. DISCUSSION OF RESULTS 
£• i Bole Of. Cobalt in U-738 

Cobalt at levels of 8. 5 wt*/. and 0 wt7. displayed little 
direct interaction with boron and zirconium. For the most 
part/ borides were script like in appearance in alloys con- 
taining cobalt and more passive when cobalt was removed. No 
cobalt borides were found. 

Cobalt had a more profound effect on V" . Alloys con- 
taining cobalt showed a duplex K' structure after solution— 
ing whereas alloys without Co did not. This indicated that 
the V' sol vus temperature has been raised by the removal of 
cobalt. This observation agrees with the results of studies 
by Engel <3> , Nathal et ai . <4> , and Jarret and Tien. <6> It 
was difficult to determine optically if the volume fraction 
of V' was altered by cobalt removal . The as cast V' mor- 
phology in all alloys appeared similar in size and shape. 
Eutectic *'• islands in Co free alloys displayed less homo- 
genization possibly indicating an increased solvus tempera- 
ture. 


Samples which had a duplex V" structure showed an 

improvement in stress rupture properties. The increase in 

stress rupture results agrees with results reported previ- 
<5,6,9> 

ously. Stress rupture improvement generally has been 

attributed to discrete grain boundary precipitation and V' 
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volume fraction. <5> While cobalt prevented 
in the grain boundaries, it is not certain 
increase in 4' volume ■fraction occurred. 


c ont i nuous films 
as to whether an 


Tensile properties have also been related to '4' mor- 
phology and discrete grain boundary carbides. Because the 
V' particle size distribution and volume fraction mere not 
measured, it is difficult to say which factor had the most 
significant influence on tensile properties, ’4' or discrete 
carbides. In this study, alloys containing Co showed an 
improvement in tensile properties, whereas published litera- 
ture has reported little or no tensile property improvement. 


Cobalt stabilized the MC carbides by preventing MC 
breakdown thereby inhibiting massive M 23 C 6 formation in the 

grain boundaries. Many studies agree with this 
result T „ i 

• In long time aged samples of 500 hours, 

cobalt apparently retarded cr formation. This does not agree 
with earlier reports by Engel and Lund et al; <8> however, 

their studies were on alloys of different composition than 
U-738. 


3 .* 2 Effect Of Boron 

Many claims have been made as to the beneficial effects 
or boron. host studies report grain boundary effects 
including carbon shunting and complex oxide retardation. In 
this study of U-738, B additions did not alter the grain 
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boundary morphology. In comparison of low B alloys to high 
B alloys, the ^23^6 precipitation and as cast V' 

showed no change in quantity or sh^pe. to high B alloys. 
The most notable effects of higher boron additions appeared 
as the formation of a large boride phase and increased size 
and amount of eutectic V' islands. The boride phase was 
most often found near these eutectic islands and rarely 
appeared in the grain boundaries. Most significantly, B 
additions did net result in an improvement in mechanical 
properties, but rather a decrease in stress rupture life was 

found. This does not coincide with findings by Holt and 

<12> <13> 

Wallace , Decker and Freeman , and Antony and Rada- 

vich; < ‘ 11 ' > however, thejr studies considered levels of boron 
primarily in the range of 0.0 wt’/. to .01 wt/i, whereas this 
study compared B levels of .01 to .03 wt*/.. This suggests 
that addition of B beyond the .01 wt% level may be ineffec- 
tive in increasing mechanical properties of Udimet 738. 
Since the solid solubility limit of B in pure Ni is approxi- 
mately . 013 utX, higher levels of B may only result in the 
formation of larger borides which do not contribute to 
mechanical properties. 


§. gt Effects Of Zirconium 


Zirconium is a trace element which may control grain 
boundary prec ip i tation and act as a getter of sulphur, 
thereby improving high temperature strength and ductility. 
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2r has been reported to have a homogenizing effect on and 
to promote discrete and less numerous MC carbides. 
Results of this study showed that samples of high Zr level 
had as cast V' which appeared more uniform in size and 
shape. Solution treated alloys with high Zr levels also 
showed a duplex X' structure that was not as distinct as 
that seen in alloys with low Zr levels. The ultrafine 
secondary If' appeared more dispersed in the matrix of high 

Zr level alloys. Zr additions showed no effect on MC mor- 
phology. 


Zr additions also increased the size and quantity of 
eutectic V" islands which agrees with previous stu- 

•appeared to be heavily segregated at eutec- 
islands as the majority of Zr rich stick phases were 
found in these areas. Grain boundary morphology appeared 
unaffected by Zr additions. 


In this study> the effects of Zr on mechanical proper- 
ties showed mixed results and it was difficult to observe 
any trends. Holt and Wallace reported that rupture life and 
ductility were independent of Zr content in alloy 738 and 

thus the beneficial effects of Zr may be alloy depen- 
< 12 > 

d®nt . In the study of Antony and Radavich, Zr had an 
adverse effect on mechanical properties which was attributed 
to microporosity. Their samples were taken from integrally 
cast wheels in which the microporosity was more dependent on 
changes in the solidification range. Samples in this study 
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were cast to size test bars in which solidification was very 
rapid, thereby decreasing the effects of a large solidifica- 
tion range. Yet microporosity was observed in the tested 
bars. However# no correlation of porosity to mechanical 
properties or Zr level could be made. 
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VI. CONCLUSIONS AND RECOMENDAT I ONS 
£>• 1. Conclusions 

Variations of the minor elements B and Zr with the 
major alloying element cobalt resulted in changes in micros- 
tructure and although the complete role of cobalt is not 
fully understood in U-738, some of the effects of cobalt are 
as follows: 

1. The presence of cobalt did not affect the as 
casl V" morphology. 

2. Removal of cobalt increased the V' solvus temp- 
erature. 

° • The amount of secondary was decreased 
after solution treatment in Co free alloys. 

4. A decrease in stress rupture properties was as- 
sociated with the loss of secondary V'. 

5. Removal of cobalt promoted prec ipitat ion . 

6. Cobalt stabilized primary MC carbides. 

7. Cobalt inhibited formation of continuous grain 
boundary films. 

8. Cobalt helped to prevent <j formation. 

Boron and zirconium had the following effects: 

1. Boron additions beyond .01 wt7. precipitated 
large borides without a substantial change in 
mechanical properties. 

2. 2irconium additions created subtle changes in V' 
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but did not effect mechanical properties. 

3. High Zr levels promoted Zr rich stick phase 
precipitation near eutectic V' islands. 

4. Boron and zirconium had little effect on matrix 
carbides or the morphology of grain boundary 
carb ides. 

5. Boron and zirconium increased the solidification 
range of the alloy which resulted in larger and 
more numerous eutectic islands. 

6. Within the scope of this study of cast to size 
bars* there was no correlation between porosity 
and B plus Zr content* although porosity was ob- 
served in some fracture surfaces. 

&. 2 Recommendations 

The results of this study showed that additional 
research needs to be done to answer the difference in 
results found in this study compared to results reported in 

i 

the referenced literature. The following areas for future 
research are recommended: 

1. Because of the great degree of difference in cast- 
ability of cast to size test bars and' large cast 
components* it is recommended that actual compo- 
nents be cast with the compositional variations 
used in this study and evaluate the effects of B 
and Zr on porosity formed during solidification. 
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2. More mechanical property tests should be per- 
formed to insure statistical reliability. 

3. Larger variations in composition, notably B and 
Zr in U-738. should be investigated to determine 
the extreme amounts of B and Zr which would be 
acceptable in this alloy. 



58 


LIST OF REFERENCES 


1. C. T. Sims, W. C. Hagel# The Supera 1 1 ous , John Wiley and 

Sons 

Inc. , Neu> York, 1972. 


2. D. R. Betner, K. E. Muszar, E. S. Nichols, "Phase Stability of 
Two Investment Cast High Cr Ni-Base Alloys", Procedings of 
the First International Symposium on Structural Stability in 
Supeialloys Seven Springs, Penn., pp. 278-311, 1968. 


3. M. A. Engel, "Effects Of Co On The Microstructure Of U-700", 

M. S. in Metallurgical Engr. Thesis, Purdue Univ. , 1981. 

4. M. V. Ndthal, R. D. Maier, L. J. Ebert, "The Influence Of Co On 
The Mic restructure Of The Ni-Base Superalloy MAR-M247", 

Meta 1 luro i ca 1 T ransac t ions , pp. 1775-1783, Oct. 1982. 


5. M. V. Nathal, R. D. Maier, L. J. Ebert, "The Influence Of Co On 
The Tensile And Stress Rupture Properties Of The Ni— Base 
Superalloy MAR M247", Meta 1 1 ur q i ca 1 Transactions , pp. 
1767- 

1774, Oct. 1982. 


6. R. N. Jarret, J. K. Tien, "Effects Of Co On Structure, Micro- 
chemistry, And Properties Of A Wrought Ni-Base Superalloy", 
Metal luro ical Transactions , pp. 1021-1032, June 1982. 


7. J. Heslop, "Wrought Ni-Cr Heat Resisting Alloys Containing 
Cobalt", Cobalt , Vol . 24 , pp. 128, Sept. 1964. 


8. C. H. Lund, M. J. Woulds, J. Hockin, "Cobalt And Sigma: 

Participant, Spectator, or Referee?", Procedings of the First 
International Symposium on the Structural Stability in Super- 
alloys, Seven Springs, Penn., pp. 25-46, 1968. 


9. G. E. Mauer, L. A. Jackman, J. A. Domingue, "Role Of Cobalt In 
Waspaloy", Suoeral lous 1980 , Procedings of the Forth 
Interna- 
tional Symposium on Superalloys, Champion, Penn., pp. 43-52, 
1980. 



59 


10 

11 . 

12 . 

23. 

13. 

14. 

15. 

16. 

17. 

18. 
19. 


E. P. Whelan, -Co-Free Ni-Base Wrought 
Sup era 1 1 ous 1980 , pp. 53-62, 1980. 


Superalloys", 


K. C. Antony, J. F. Radavich, "Solute Effects of B and 
Microporosity ", Technical paper, Cabot Corp. , Kokomo, 


Zr on 
Ind. 


R. T. 
Base 


Holt, W. Wallace, "Impurties And Trace Elements 
Superalloys", International Metals Revieu . pp . 


In Ni- 
l- 


March 1976. 


R. F. Decker, J. W. Freeman, "The Mechanism Of Beneficial 
Erfects Of B And Zr On Creep Properties Of A Complex Heat 
Resistant Alloy , Transactions of the Meta 1 1 ura i ca 1 
- ocietq ATME, vcl. 218, pp 277-285, April I960 


J*. H °' H „ Li ' " Neutron Activated Microradiography Determina- 
tion Of 3oron Distribution Of A Cast Ni-Base Superalloy", 

Sup era 1 1 ou s 1980 , pp. 423-429, 1980 y 


D. A. Woodford, "Environmental Damage Of A Cast Ni-Base 
F U K 6r foi? y — - tal lurq ical Transactions , pp. 299-308, 


D^A_ Woodford, RH. Bricknell, "Grain Boundary Penetration 
Or Oxygen In Nickel And The Effect Of B Additions", 
Me tallurgica l Iransac t i ons. pp. 1467-1475, August 1981 


S. Floreen, J. M. Davidson, "The Effects Of B and Zr 
On The Creep And Fatigue Crack Growth Behavior Of A Ni- 
InV M UPe r™° y "' Transactions , pp. 895- 


l 


K. N. Strafford, B. A. 
Ni-Base Alloys In A 
Ox idation o f Meta Is. 


Nagara-j , "Degredation Of Zr Containing 
Hydrogen/Hydrogen-Sulfide Environment", 
yal- 1_£, no. 2, pp. 109-117, 1980. 


url, 0f Zr Variation, On Th. Microstruct- 

ural Stability Of Alloy 713C", Procedings of the First 
International Symposium on the Structural Stability of 
Superalloys, Seven Springs, Penn., pp. 199-226, 1968. 


60 


i . Ko 1 z'Jit: i .. M . Yaff.azak i .. H. Harada, "rl^B- Type Boride In 
Nickel -Ba«:e Supei al loy^'* , T ransac t i oris "’ of National 
Research Institute For Metals , vol. 19, no. 6, pp 60- 

61, 1977. — — - hk- 


61 


APPENDIX A 


Sample Preparati on And Examination 
Sample Preparation 

Samples used in this study a/ere taken from cast to size 
test bars that had experienced all levels of heat treatment 
and long time aging (LTA) . Aging periods were 100. 300. and 
500 hours at 843 C. Both the solution treated and as cast 
samples were exposed to LTA. The cast to size bars were 
severed in the test region, then ground flat longitudinally. 
Each sample was then wet ground through 600 grit silicon 
carbide followed by an electropolish in 207. sulfuric acid in 
methanol electrolyte solution. A stainless steel beaker 
served as the cathode and the sample itself as the anode. 
The polishing parameters were 20 volts, 3 to 5 amps for 
approximately 8 seconds. This was followed immediately by 
an immersion etch in a 15% hydrochloric acid in methanol 
plus a few drops of 30% hydrogen peroxide solution for 5 to 
10 seconds. 

The electropolish served to put the carbides, borides, 
TCP, and other inert phases in relief. MC carbides that are 
rich in titanium should appear black in the scanning elec- 
tron microscope due to the relatively low atomic weight of 
titanium. Other inert phases should appear either 9 ray or 
bright. The immersion etch removes the if' phase, resulting 
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in three different levels of microstructure. The etched <S' 
should appear dark, since it i< at the lowest level, the V 
matrix should appear gray (intermediate level), and the car- 
bides and inert phases at the top level are as previously 
decribed. The etching of the V' and grain boundaries acts 
to enhance the contrast of each sample. 

Micro structural and Chemical Analysis 
Microstructures of each sample were characterized u»ith 

I 

a J. E. 0. L. JSM 35CF scanning electron microscope (SEM). The 
various morphologies and locations of the phases present 
were recorded electon micrograph ical ly. An energy dispel — 
X— ray analyzer (EDAX), attached to the SEM was used to 
aid in phase composition analysis. Spot probing allowed for 
a general qualitative analysis of phases in. situ . . 

Phase Extractions and Identification 

Isolation of phases other than the matrix and V" were 
required for positive identification. A standard electro- 
lytic extraction technique was employed for the removal of 
the inert boride, carbide, and TCP phases. Extraction sam- 
ples were supplied from the remaining half of the severed 
cast to size test bars used in the SEM study. A 107. hydro- 
chloric acid in methanol electrolyte, tantalum cathode, and 
extraction sample as anode were operated on the basis of .07 
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amps per square centimeter of anode. Extraction time lasted 
approximately 1 hour. The residue was periodically washed 
from the extraction sample in clean methanol and was allowed 
to settle a minimum of 12 hours before separation and 
filtering. The extracted residues were agitated until fully 
suspended. Settling was permitted for three minutes at 
which time all the methanol was decanted off and placed in a 
separate container. Additional clean methanol was added to 
the remaining settled residue and the ag itation-separation 
process repeated. The decanted methanol held a suspended 
fine residue while the remaining residue was defined as 
coarse. Each residue was then filtered from the methanol 
using Millipore .6 micron filter papers. The filter papers 
were then mounted on glass slides in preparation for X— ray 
identification. 

The extracted and mounted residues were subjected to 
powder diffraction analysis to identify the fine and coarse 
residues in each alloy. A General Electric X-ray diffrac- 
tometer was used to generate the diffraction patterns with 
nickel filtered copper radation. The parameters used 
were 40 KV, 20 ma for primary X-ray excitation. Scanning 
range was from 25 to 61° 29. 
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